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Ingi, a 5.2-kb Dispersed Sequence Element from Trypanosoma
brucei That Carries Half of a Smaller Mobile Element at Either End
and Has Homology with Mammalian LINEst
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A dispersed repetitive element named ingi, which is present in the genome of the protozoan parasite
Trypanosoma brucei, is described. One complete 5.2-kilobase element and the ends of two others were
sequenced. There were no direct or inverted terminal repeats. Rather, the ends consisted of two halves of a
previously described 512-base-pair transposable element (G. Hasan, M. J. Turner, and J. S. Cordingley, Cell
37:333-341, 1984). Oligo(dA) tails and possible insertion site duplications suggested that ingi is a retroposon.
The sequenced element appears to be a pseudogene copy of an original retroposon with one or more open
reading frames occupying most of its length. Significant homologies of the encoded amino acid sequences with
reverse transcriptases and mammalian long interpersed nuclear element sequences suggest a remote evolu-

tionary origin for this kind of retroposon.

Eucaryotic genomes contain a variety of dispersed repet-
itive sequences. Many of these are mobile elements whose
transposition to new sites in the genome accounts for their
dispersion. For two major classes of mobile elements, the
retroviruslike elements (16) and simpler retroposons (40),
the transposition mechanism involves reverse transcription
of an RNA intermediate. Retroviruslike elements are present
in organisms as diverse as Saccharomyces cerevisiae (39),
Drosophila melanogaster (41), and the mouse (19). They are
characterized by long terminal direct repeats whose struc-
ture is intimately involved in the transposition process. They
also encode reverse transcriptases which may be involved in
their transposition (29, 45, 58).

A second class of elements, the retroposons, lack the
terminal repeats of retroviruslike elements. They have been
thoroughly reviewed by Rogers (40). The simplest of these
are the processed pseudogenes, retrotranscribed copies of
structural gene mRNAs, which may accumulate as small
families of dispersed repeats. Other retroposons, while being
transposed by a similar mechanism, have accumulated in
much greater numbers. Some, for example, Alu elements,
contain internal polymerase III promoters which may enable
further rounds of retrotransposition to occur. These ele-
ments do not, however, appear to encode the enzymatic
activities required for their retrotransposition.

Long interspersed nuclear elements (LINEs) are
retroposons present in mammalian genomes in very large
numbers (47, 48). They have characteristic A-rich or
oligo(dA) tails at their 3’ ends and, like the retroviruslike
elements, are flanked by short insertion site duplications.
These two features are common to most retroposons and are
probably direct results of the retrotransposition process,
although it has not been proven that LINEs move by
retrotransposition. Mouse and primate LINEs contain long
open reading frames (ORFs), part of which encode amino
acid sequences having significant homologies with reverse
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transcriptases from other sources (18, 25). Thus these ele-
ments may encode enzymes involved in their own transpo-
sition. The majority of LINE sequences are, however,
truncated at their 5’ ends or contain disrupted reading
frames. These LINE pseudogenes would be defective in
terms of encoded enzymes and may be incapable of further
retrotransposition. Thus only a small minority of the LINE
sequences may be responsible for the generation of new
family members (25). LINEs have been described only for
mammals, although there is some similarity with Drosophila
melanogaster F elements, which also have A-rich tails and
short target site duplications (13). No retroposons of this
kind have hitherto been described for protozoa.

In Trypanosoma brucei, a protozoan parasite, duplicative
transposition of variable surface glycoprotein (VSG) genes
plays a major role in the switching of VSG expression by
which the organism evades the immune response of its
mammalian host (4). There is no evidence to suggest that
reverse transcription is involved in these transpositions. The
existence of retrotransposition in this organism is, however,
implied by the discovery of a dimer of a 512-base-pair (bp)
ribosomal mobile element (RIME), which was found in-
serted into a rRNA gene in one T. brucei stock (17). RIME
has an oligo(dA) tail and is flanked by short target site
duplications, indicating that it is a retroposon.

In the course of studying repetitive sequences in the
genome of T. brucei, we found that some RIME sequences
were associated with a longer dispersed repetitive element.
Structural analysis of this element suggests that it is a
retroposon. Of the transposable elements that have been
described for other organisms, the trypanosome element is
most similar to mammalian LINE sequences.

MATERIALS AND METHODS

Trypanosomes. The trypanosome clones used in these
studies were from isolates of the subgenus Trypanozoon.
Details of the derivation of these cloned isolates have been
described elsewhere: ILTaT 1.4 (32), MITat 1.2 (9, 31),
ANTat 1.8 (27), and GUTat 3.1 (2) are Trypanosoma brucei
subsp. brucei; ETat 1.5 (ETat 5 in reference 26) is T. brucei
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FIG. 1. Dispersed chromosome distribution of ingi elements.
OFAGE of chromosome-sized DNAs from six cloned Trypanozoon
isolates was carried out for 15 h at 300 V and a pulse interval of 30
s. The ethidium bromide-stained gel is shown on the left. DNAs: 1,
ANTat 3.3 (T. evansi); 2, ETat 1.5 (T. brucei subsp. rhodesiense); 3,
ANTat 1.8 (T. brucei subsp. brucei); 4, GUTat 3.1 (T. brucei subsp.
brucei); S, LITat 1.1 (T. brucei subsp. gambiense); 6, MITat 1.2 (T.
brucei subsp. brucei). Sizes, indicated in kilobases unless marked
otherwise, were measured by comparison with ladders of ligated
lambda bacteriophage DNA. On the right is a Southern blot of the
same gel hybridized with pgDR1.

-

subsp. rhodesiense; LITat 1.1is T. brucei subsp. gambiense;
and ANTat 3.3 is T. evansi (27).

DNA preparations. Trypanosome DNA was prepared as
previously described (59). For orthogonal field alternation
gel electrophoresis (OFAGE), purified trypanosomes (22)
were embedded in 0.65% low-gel-temperature agarose and
deproteinized as described by Van der Ploeg et al. (56). The
OFAGE procedures described by Carle and Olson (7) were
used.

Heteroduplex analysis. Plasmids pingi-1, pingi-2, and pingi-
3 were digested with EcoRI and used to prepare hetero-
duplexes as described by Davis et al. (10). Photographs of
heteroduplexes were analyzed by using a Science Accesso-
ries Corporation sonic digitizer interfaced to a microcom-
puter.

DNA probes. Radiolabeled DNA probes were prepared
from plasmids by nick translation (28) and from M13 clones
by extension of the 17-mer sequencing primer (Pharmacia,
Uppsala, Sweden) in the presence of 100 pM each dATP,
dGTP, and dTTP, 10 pM unlabeled dCTP, and 3 pCi of
[«-32P]dCTP (5,000 Ci/mmol; Amersham International plc.,
Amersham, United Kingdom) per pl, with the large fragment
of Escherichia coli DNA polymerase I (Amersham Interna-
tional) in the buffer conditions recommended by the manu-
facturer. At least 2 kilobases (kb) of DNA complementary to
the M13 clone DNA was copied under these conditions.

Copy number measurements. Approximate determinations
of the copy numbers of segments of the ingi element were
carried out by dot-blotting. Trypanosome DNA at 10 pg/ml
in 10 mM Tris hydrochloride-0.1 mM EDTA (pH 8.0) was
denatured by addition of 2 volumes of 0.5 M NaOH and
incubation at 55°C for 10 min. Samples were stored on ice
until 15 volumes of 1.2 M sodium acetate (pH 7.5) were
added, and immediately aliquots of the solution were loaded
onto replicate spots on a nitrocellulose filter in a Minifold I
dot blot apparatus (Schleicher & Schuell, Keene, N.H.).
Each dot was loaded with 100 ng of DNA. Standard samples
containing 1gB909 DNA and salmon sperm DNA to give a
total DNA concentration of 10 png/ml were loaded on the
same filters in the same way to provide a standard scale.
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Filters were hybridized exactly as were Southern blots.
After autoradiographic exposure, the amount of 2P in each
spot was determined by liquid scintillation counting of cut
segments of the filters. The amount of probe sequence in the
trypanosome DNA samples was estimated from a graph of
the counts present in the 1gB909 spots. Copy numbers were
calculated on the basis of a total genome content of 0.1 pg of
DNA (5).

Southern blots. Southern blots onto nitrocellulose filters
were carried out as has been described previously (59),
except that OFAGE blots were depurinated for 30 min in 0.2
M HCI at room temperature. Nitrocellulose filters were
prehybridized in 4x SSC (1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate)-0.1% sodium dodecyl sulfate-0.1% so-
dium pyrophosphate-750 g of heparin per ml (49) for 4 to 8
h at 65°C. Hybridization conditions were identical to those
for prehybridization, with the addition of 0.5 X 10° to 1.0 x
10® cpm of denatured radiolabeled probe per ml. Dextran
sulfate at 10% (wt/vol) was added to the hybridization buffer
for the OFAGE blot shown. After hybridization, all filters
were washed twice in 0.1X SSC-0.1% sodium dodecyl
sulfate at 65°C for 1 h.

DNA sequencing. All sequencing was performed by using
the M13 dideoxy chain termination procedure (42).
Subcloned fragments of the three ingi plasmids in pUC8
were used to generate shortened fragments by trimming with
BAL 31 exonuclease. These were cloned into M13 vectors
mp8, mp9, mpl8, and mpl9, producing clones from which
overlapping sequences were obtained. Some sequences were
also determined from cloned restriction fragments or frag-
ments of sonicated DNA. The pingi sequences shown were
determined over the entire length of both strands. More than
97% of the pgDR1 sequence was also determined on both
strands. All included restriction enzyme sites were se-
quenced through. On average, each base was sequenced
approximately six times.

RESULTS

Identification of a dispersed repetitive sequence. Repetitive
sequences in the T. brucei genome were identified by hybrid-
ization of radiolabeled total DNA from ILTat 1.4(IL.467) to
Southern blots of restriction enzyme digests of the same
DNA. In Sau3Al digests, two major bands of hybridization,
of approximately equal intensities, were detected and coin-
cided with bands visible in ethidium bromide-stained gels.
One of these bands was due to the 1.35-kb repeat sequence
that encodes the leader sequence spliced onto the 5’ ends of
T. brucei mRNAs (12, 15, 36). The other band, at 1.6 kb, was
excised from a preparative gel and cloned into the BamHI
site of pUC8. Colonies were screened by hybridization with
whole ILTat 1.4(IL.467) DNA, and the plasmid pgDR1 was
isolated from a strongly hybridizing colony.

To determine the genomic distribution of sequences ho-
mologous to pgDR1, chromosomes from six cloned
Trypanozoon isolates were resolved by OFAGE and blotted
onto a nitrocellulose filter. The blot was probed with 32P-
labeled pgDR1. Most chromosomes from the six isolates
contained sequences homologous to the pgDR1 probe (Fig.
1). The majority of the hybridizing sequences were on
chromosomes larger than 10° bp. The intermediate-sized
chromosomes (120 to 1,000 kbp) in most stocks contained at
least one copy of the pgDR1 sequence, but the ratio of the
hybridization signal to the ethidium bromide fluorescence
showed substantial variation in the numbers of pgDR1
sequences carried in a given length of chromosome. These
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FIG. 2. Heteroduplex between ingi elements. The photograph on
the left shows a heteroduplex formed between pingi-1 (circular
DNA) and pingi-2 (linear). The scale bar represents a length of 0.5
pm. On the right is a line drawing of the heteroduplex photograph.
The heavy and thin lines indicate double-stranded and single-
stranded DNA, respectively.

differences were even more marked with the minichromo-
somes (50 to 120 kb). The experiment demonstrated that the
pgDR1 sequence contained, or was part of, a dispersed
repetitive element present in the genomes of these isolates of
the subgenus Trypanozoon.

The reiteration of the pgDR1 Sau3Al fragment in the T.
brucei genome could be explained either by the existence of
a 1.6-kb tandemly repeated sequence or by the presence of a
longer dispersed repeat of which it was an internal fragment.
Southern blots with several other restriction enzymes
showed a high degree of polymorphism in surrounding
restriction enzyme sites and did not reveal strong hybridiza-
tion to 1.6-kb fragments. This suggested that the pgDR1
sequence was part of a larger dispersed repeat rather than a
unit from tandem arrays. Since the sequence was isolated
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from an African trypanosome, we chose the name ingi, the
Kiswabhili root adjective meaning many (20), for the dis-
persed repetitive sequence family identified with the pgDR1
probe. Under fairly stringent washing conditions, 0.2x SSC
at 50°C, the sequence was not detected in cloned isolates of
T. congolense or T. vivax, which belong to different
subgenera.

Length and homology of cloned ingi elements. To charac-
terize the ingi family, we sought clones containing whole
elements. The clone 1gB909 was obtained by screening a
library of EcoRlI total digest fragments of ILTat 1.4(IL.467)
DNA in lambda gtWES with 3?P-labeled total ILTat
1.4(IL.467) DNA. The insert in this clone consisted of a
9.5-kb EcoRI fragment which contained a single 1.6-kb
BamHI fragment that hybridized with pgDR1. The 1gB%09
insert contained a group of restriction enzyme sites that had
previously been observed in two genomic clones from a
Charon 4A library of ILTat 1.3 DNA that contained different
VSG genes (59). Hybridization experiments confirmed that
these two clones carried pgDR1 sequences. The EcoRI
fragments from the three lambda clones that carried pgDR1
sequences were subcloned into pUCS8, producing the three
plasmids pingi-1, pingi-2, and pingi-3. All three pairwise
combinations of these plasmids were compared by
heteroduplex analysis. A representative heteroduplex,
formed from pingi-1 and pingi-2, is shown in Fig. 2. The
double-stranded heteroduplex region is uninterrupted, show-
ing that within the resolution of the method, there is contin-
uous homology between the shared sequences over this
region in these two clones. Similar results were obtained in
the other comparisons. The lengths of the duplex region in 15
heteroduplexes from two plasmid combinations were mea-
sured as 5.37 = 0.3 kb.

Physical maps of the three cloned ingi elements are shown
in Fig. 3. The maps show the whole region of trypanosome
DNA in each of the original lambda clones. They are aligned
according to the homologous 5.4-kb ingi elements defined by
the heteroduplex experiments (large open boxes). The VSG
gene beyond the 3’ end of ingi-2 is the nontelomeric copy A
of the ILTat 1.3 gene described by Young et al. (59). This
gene is present on a very large chromosome that does not
leave the slot in OFAGE gels. The 2.7-kb HindIII fragment
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FIG. 3. Maps of pgDR1 and three lambda clone inserts containing ingi elements. Restriction enzyme sites are indicated as follows: B,
BamHI; B2, Bgill; H2, Hincll; H3, HindIll; K, Kpnl; T, Taql; R1, EcoRI. All BamHI, Hindlll, and EcoRlI sites are shown. Other enzyme
sites are shown only where they were used in producing subclones for sequencing. Open and solid boxes show the regions of homology
defined by heteroduplex analysis. The solid boxes at the ends of these regions are sequences homologous with RIME (see text). Shaded boxes
are VSG genes. The VSG genes in ingi-2 is a nontelomeric copy of the ILTat 1.3 VSG gene. Small bars beneath the maps show the regions
from which the sequence data shown in Fig. 4 were obtained. The 5’ and 3’ ends of the ingi elements are defined by the direction of the ORF
in RIME (see below). The pingi plasmids are numbered according to the element numbering here. Ingi3 is from the 1gB909 clone.
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FIG. 4. Sequences from the ends of ingi elements. Lines numbered 1, 2, and 3 contain the sequence from the corresponding elements
shown in Fig. 3. R is the sequence of one monomer from the tandem pair of RIMEs sequenced by Hasan et al. (17). Dotted lines represent
the continuation of the DNA through the ingi elements. The RIME sequence is split into 5’ and 3’ halves and continues directly from one to
the other. The precise limits of the RIME, including its oligo(dA) tail, are shown by vertical bars and arrows above the sequences. An arrow
below the RIME sequence shows the ATG codon near the beginning of the RIME ORF. Hyphens represent gaps introduced into the
sequences to obtain maximal alignment. Within the span of the ingi elements, a line is drawn above the sequences where all the sequences
are identical. Bases that are not present in the majority of the sequences at any point are shown in lower case. Underlined bases at the ends
of the ingi sequences are possible 4-bp insertion site duplications (see text). Stop codons in phase with the RIME ATG start codon in each
of the 5' ingi segments are boxed (boxes labeled s). Other boxes show the location of restriction enzyme sites: a, Haelll; f, FnuDI1; h, Hhal;

I, Rsal; t, Taql.

beyond the 3’ end of ingi-3 also hybridized only to large
chromosomes (results not shown). Thus at least two of these
ingi elements came from large chromosomes. The presence
of another VSG gene adjacent to ingi-1 was inferred from
hybridization with ILTat 1.3 VSG c¢cDNA and from
heteroduplex analysis which showed that its orientation
relative to the ingi element was opposite to that of the ILTat
1.3 gene (J. E. Donelson, unpublished data). Southern blots
of restriction digests of the three ingi-containing plasmids
probed with subcloned ingi fragments showed that further
sequences homologous with ingi were absent from the
cloned DNA segments. Thus these three elements were not
parts of tandem arrays.

Definition of the ends of ingi. The sequences around the
ends of the three ingi elements were determined to locate the
ends precisely and to ascertain whether they contained
direct or inverted repeats characteristic of certain classes of

mobile elements. The location of the sequenced regions
within the ingi-containing clones are shown by the small bars
beneath the maps in Fig. 3. The sequences are compared in
Fig. 4.

This analysis did not reveal either direct or inverted
repeats at the ends of these ingi elements. Instead, it
produced the completely unexpected finding that the ex-
treme ends of the ingi elements were homologous with the
two halves of the monomer of a previously described dimeric
T. brucei mobile element, RIME (17). The sequence of one
RIME (R) is included in Fig. 4. The 3’ limit of homology
between the ingi sequences coincides exactly with the end of
the RIME sequence. All three ingi elements end in an
oligo(dA) stretch at this point, as does RIME. At the 5’ end,
homology among all four sequences starts 6 bp after the start
of the RIME sequence. Definition of the 5’ end of the ingi
repeat from these data is therefore imprecise.
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FIG. 5. Southern blot with ingi probes. Double digests of DNA
from three trypanosome clones with Rsal and either FnuDII (RF),
Hhal (RH), or Taql (RT), resolved in a 1.9% agarose gel, were
hybridized with an M13 probe containing the 342-bp 5' end
EcoRl/Tagql fragment from ingi-3. Sources of DNA: 1, ILTat 1.4; 3,
ANTat 1.8; 4, MITat 1.2. Markers were fragments of $X174 DNA in
the same gel.

Duplication of short (4 to 20 bp) segments of DNA at the
insertion site is usually generated upon insertion of eucary-
otic mobile elements whose transposition involves reverse
transcription of an RNA intermediate (40). With ingi-1 and
ingi-2, the 4 bp immediately following the oligo(dA) are
found 1 (ingi-2) or 7 (ingi-1) bp farther 5’ than the RIME
insertion site repeats identified by Hasan et al. (17). These
short repeats may represent duplications resulting from the
insertion of ingi elements. The ingi-3 sequence begins with
an EcoRlI site at one end of the cloned segment, but the
underlined GAA may have been part of a repeat of the
TGAA following the oligo(A) at the end of this element. If
this were the case, the ingi-3 element, bounded by these
repeats, would be 3 bp shorter than RIME at the 5’ end.

Over the regions of RIME homology, ingi-3 and RIME had
the closest homology (96%). The degree of homology be-
tween the other pairs of sequences ranged from 90 to 93%.
The sequence differences comprised 71 base differences and
eight insertions or deletions. The 5’ end sequences were
more conserved than those at the 3’ ends, particularly with
respect to insertions or deletions. The divergence between
the four sequences in Fig. 4 is substantially greater than that
between the two RIME elements sequenced by Hasan et al.
(17), which had 99.4% homology.

Ingi and RIME. The finding of RIME sequences at the
ends of ingi elements raised the question of how many of
these sequences were isolated RIME units and how many
were part of ingi elements. Approximate copy number
determinations were carried out by dot-blotting with pgDR1
and one M13 clone from either end of the ingi elements as
probes. Using DNA from six Trypanozoon cloned isolates,
we found that pgDR1 appeared to be present in about 200
copies (150 to 230 copies) per genome. A probe consisting of
the 5’ 344 bp of ingi-3 (EcoRI/Taql fragment; Fig. 4) gave
similar results (145 to 220 copies). These values were similar
to a previous estimate of 200 copies of RIME per genome
(17). An M13 probe from the 3’ end of ingi-1 (Kpnl site to the
end in Fig. 4) gave values between 225 and 415 copies per
genome. On average, there were 1.5 times as many copies of
the 3’ as of the 5’ end.

Since Hasan et al. (17) had suggested that most RIME
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sequences are present as isolated monomers and since the
copy number experiments did not reveal the extent to which
the RIME-homologous ingi ends were associated with the
central pgDRI sequences, several Southern blot experiments
were conducted to clarify the question of what proportion of
RIME sequences might be present as part of ingi elements.
One such experiment is shown in Fig. 5. The restriction
enzyme sites involved in this experiment are shown boxed in
Fig. 4. Interpretation of these experiments was complicated
by the existence of restriction site polymorphisms in dif-
ferent ingi elements, by the lower retention of small frag-
ments on nitrocellulose, and by different lengths of homol-
ogy of detected fragments with the probe sequences. How-
ever, we generally observed substantially greater hybridiza-
tion to fragments predicted from the ingi sequence (e.g., 230
bp in RF and RH digests and 450 bp in the RT digest in Fig.
5) than to those predicted from RIME monomers (410 bp in
RF and RH digests in Fig. 5). Taking the above factors into
consideration, we concluded from this and other experi-
ments that although there are substantial numbers of both
ingi elements and RIME monomers, there are more ingis
than RIME:s.

Complete sequences of pgDR1 and ingi-3. Complete se-
quences were determined from the 1.6-kb Sau3Al fragment
cloned in pgDR1 and the whole of the ingi element in pingi-3.
The sequences are shown aligned in Fig. 6. The strand
shown is that ending in an oligo(dA) tail in the ingi-3
sequence. Apart from a 3-bp insertion in the pgDRI1 se-
quence relative to that of ingi-3 (star at position 2760 in Fig.
6), the alignment reveals 94.9% homology between the two
sequences over a 1,560-bp region of ingi-3.

A stop codon map for the six possible reading frames of
the complete ingi-3 sequence is shown in Fig. 7. The major
feature of the map is a region of 3,360 nucleotides, starting at
position 1036, which contains only a single stop codon. By
analogy with other dispersed repetitive sequences, notably
the mammalian LINEs, this may represent an ORF within a
progenitor sequence of which ingi-3 is a pseudogene. Three
stop codons within this region are present in the same frame
in the pgDR1 sequence (boxed in Fig. 6), which may thus
also be part of a pseudogene sequence.

On the same strand, the second reading frame contains
only three stop codons in the region between positions 2 and
1160 which overlaps the longer ORF. Two of these, shown
as dashed bars, are within the 5’ segment that was also
sequenced in the other two ingi elements. These are shown
boxed in Fig. 4 (boxes s). Both include bases which are
unique to the ingi-3 sequence. This would be consistent with
the presence of an ORF covering this region in an ancestral
sequence from which the three ingi elements arose. The
same frame has a further 689-bp ORF beginning at position
4253 which overlaps the 3' end of the 3,360-bp ORF.

The putative ancestral ORF at the 5’ end of ingi-3 has an
ATG codon at position 14 which coincides with the start
codon in the ORF within RIME (17) (Fig. 4). The RIME
reading frame, however, is shifted relative to the ingi frame
after six amino acids by a single-base deletion. All three ingi
sequences have stop codons in this reading frame within the
region sequenced at the 5’ end. As was the case with ingi-3,
the stop codons in ingi-1 and ingi-2 are the result of unique
sequences in each element, a base change in ingi-1, and a
single-base insertion in ingi-2 (Fig. 4). These unique se-
quence changes may be the result of accumulation of muta-
tions in ingi pseudogenes.

Ingi ORFs are homologous with LINEs. The amino acid
sequences encoded by the ingi ORFs were compared with
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13 : cunccc:::g ogccrccuccrmcnccrcccnccctccmucccccnrcncrtcccuccm;acccmcacccnccrHCAtcccnuucrccnrccrcccccrA 120
13 : ccccucuncucttﬁ_"l_'tc GCeATCATCAGCATCTTGCTGGOACACCGTTTTTCATTTGTCAGTCCCTGGGCACGTGCCAGEG TGCCATCAGCAGTATCATCCGCACTARGATGCTGCTTTA 240
13 : t.G':.‘T:Atcmcn;‘clcurcccucccccrcsrTcrcccccAchcmcMcrccccccrchrcrcnccuncncnttaccncrccAcAAAAcccnctccArcAccccnccccn 360
I3 : TTGTTTGTTGAGCGAGACAAGGACGACGCE TGGAGAGGCGGCTTGCTTTAGCGTTGCTGGC TACTARCATCACGGARTAGCTCGTAACTGCARAGGAGGTGGTGGATCAATACTAGTGAG 480
I3 : AGGGGAACTACCAGTCGAGACCGGTATGGCAGTTGTTGGTCGCATTGAACAAGTGCATGCAACARTTCACCT TGCACGTGGARCGGCGCTGACTGTCACGTCGGCATACATCCCACCARA 600
I3 : ACACACCTTCACGGCAACTGACCTAGATACGCTTCTGACAACTGACGGTGCCCAGCTCATCGGTGCAGACGCTAACGCACACGCGTTGGCATGGGATCGCGCGAGCCCACCAARTACCAR 720
I3 : GGGTGARACCCTCACACAGTGGTGCATTGACAACCAGTTTCTGGTCTGAAACACTGG TGAGTGCACCAGGTATGCGCGCCACCACGGGGAGTCCACCCCTGATGTGACGCTGTCAAGGAR 840
I3 : TTGCACAGTGTACACGTGGACATCGCTGTATTCTCCCGATAGCGATCACCATCATATATT TTTCGACGTTATCGTTGGAGAGGACACAGATGCACTGAGT TGCCCGCGGETTCGARAGEE 960
13 : cncncccémccunnfcmncmcm%mmrcccr:crcncmnf.accuccrcrécnccuuufccu cucig:.a:%ctcnécucccvccaécacunrrcéactcccccui 1080
13 : ccccurccacuccrscccrccccuucrccurcaacacnccctccAmcccacccrcccccccncccnnoc' TCCTAGECACECG TARGCAGATCE TGGACCGTACCACARAGAAS 1200
I3 : AGATGGAGCACGCTATGCTCCAGACTTGCGGTGTCAGACCGCTGCAGT TGGCACATTGTCAAGAAGGTATATGCGCCACGACCACTAACCACACCGGCTGTACTTGTTGATTACGCGGCE 1320
I3 : ATCACGGACTACCGTCAAGCTGAGAGGTTCAGTAAACTGTACTCGTCCCACGCARGAAGGCACCCCGACTCACACCCACCAGCACCAATARAGACGATAGCGAGTGAGTTCAGTCCCATE 1440
I3 : ACGATGGCTGAACTACGGAGATCGATCARACTGCTACCGAGTGGATCCOCAGCCGGACCTGATTGCTTATACAACGAGGCACTACAACATCTCGGCATARCAGCACTGRATGTTGTTETS 1560
OR1: T CATCEGCAGCCGGGCCTGATTGE T TATACAACGAGGCAATACAACA TCTCGGTAGAACAGCGTTGAATGTTGTTCTG

13 : RGGCTATTCAATGAGAGCCTACGARCGGGAGTCOTGOCOCCTGCATGOAAGACTGGTGTTATCATCCCCATCCTGARGGCCGGARRRAAG CTCGATTCTTACAGACCTGTG 1680

DR1: AGGCTkTTCAATGAGAGCCTACGAACGGGAGTCGTGCCGCCTGCATGGAAGACTGGTGTT“TCATCCCC&TCCTGAAGGCCGGAAAAAAGGCGGAGAACCTCGA?TCYTACAGGCCYGYG

13 : ACGCTCACAAGCTGYCTCTGCA“AGYCATGGAGCGCATA“TTGCCGCGAGACCTAGAGACAC?GTTGAGTCCCAGC!GACGCCGCAG YCAGGCTTTCGCCCCGGATGCYCAACGCTC 1800
DR1: ACGCTCACGAGCTGTCTCTGCAAAGTCAIGGAGTGCATAATTGCCGCGAGGCTYAGAGACACTGTTGAGCCCCAGCTGACGCCGCA CAGGCTIYCGCCCCGGAYGCTCAACACtC
13 ¢ GAACAACTCCTGC!CGTCCGCGCTGCCCTCTGCCACCACACGCACCAATAICGTACGGGYGCTG1ATYCGTCGACTACGAGAAGGC‘YTVGATACAGTAGACCACGACAAAATYGCGABG 1920

DR1: AAGCAACTCCTGCACBTCCGCGCTGTCCTCTGCCGCCCCACGCACCAATATCGTAC&GGYGCTGTAYTCAYTGACTACGAGAAGGCATTCGATACAGTAGACCATGACAAAATYGCGAGG

s . > .
13 GAAATGCACAGAATGAAGGTATC“CCCCACAIYGTGAAGTGGYGCGTATCATTlCTGAGIAkCCGAACYGGCAGAGTGAGATTCAAGGAGAAGCY!TTCAGAAGCAGAACAIYYGAGCGA 2040
DR1: GAAATGCACAGAATGAAGGTATCACCCCACATTGTGAAGIGGTGCGTATCATTTCTGAGTAACCGAACTGGCAGAGTGAGATICAAGGAGAAGCITICCAGAAGCAGAACATYYGAGCGA

.

13 : GGAGTGCCACAAGGAACTGTCCCTGGTTCGATAATGTTCATIGTTGTCATGAACICGIIGAGCCAACGCCTTGCAGAAGTGCCGTTACTGCAGCACGGATTCTTYGCAGACGACCTGACG 2160
DR1: GGAGTGCCACA&GGAACTGTCCTTGGCCCAATCATGTTCATTATTGTCATGAACTCGYTGAGCCAGCGCCTTTB&GAAG‘GCCGVTACIGCAGCACGGATYCTTYGCAGACGACCTGACG
132 CTACTPPPF!PPP‘--- GTCATCAACCACACGCTACAATGCGGCCTAAACGTGGTGTTACAGTGGTCARAAGAG?ACTYCATGTCTGTCAACGTAGCGAAAACAAAGYGC 2280

OR1: CTACTTGCGAGACACACAGAGAGBGATGTCATCAGCCACACACTGCK"GCGGTCTAAACGTGGTGTTACAGTGGTCAAAAGAGTACTTCATGTCTGTCAAGGTAGCGAAAACGAAGTGC

ACACTCTTCGGGTGTACAGAGCGCCACCCCCTTACATYACAACTGGACGGCGAAAGAATGGGAGCTGACAGGACACCGA&GCTYCTAGGAGTAACATTCCAGTGTCIGCAGGGGATGGCA 2400
ACACTCTTCGGGTGIATAGAGCGCCACCCCCTTACATfACAkCYGGACGGCGAAAGAATAGGAGCTGACAGGACACCGAAGCYTCTAGGAGIAACATTCCAGTG!C!GCAGGGGATGGC!

13
DOR1

13 : ACGCATGCGGCCGAAACGAG‘CGCA“GATGGACTTCCGACTACTGAAGATTTCAGCCAIC?CAGCTTCTACATGGGGGCCAAG“CGACAAG‘ACTGAGAGCTTVTTATCTAGCACTCGTA 2520
DRl' GCACATGCGGCCGAAACGAGACGCAAGATGGACITCCGACTACTGCAGATAGCATTCATCTCAGCY'CTACAl --lflff‘f“fflcf AGA ITTTTATCTAGCICTCGTA
13 CAGGCACACACCATGTAYGGCATTGAGGCATGGIACTGGBAIGCTTGGA!ACGAAGTCGCGACCTCCTTGCATCAGCACAACACAAAGCCAGTTGCATCAYAGCIGGCATACCGCATGGG 2640
DR1: CAGGCACACACCATGTATGGTﬁ?TGAGGTkTGGTACTGGGACGCYTCGGAACGAAGVCGCGACCTCCTTGCAGCAGCRCAACACAAAGCCAGTCGCAYCAYAGCTGGCA!ACCGCAYGGG

13 ACGCAAAAAGIGGACTCTCYGCTGGAAGCAAACCTCCTGCCACTCAAGACGGCCACTCTTGTGTGCAGCAIGAAA?TCA!GCTGATGTGTGAGTC!CG‘GGCGGA!GITYGAGCCGCAGT 2760
OR1: ACGCGCAAAGAGGACTCTCTGCTGGAAGCAAACCTCCTGCCACTCAAGACGACCACTCTTGTGCGCAGCATGAAATTCA‘GCTGATGTGTGAGTCACGAGGCGBATGTTTGCGGCGCAGTGCT
13 GAAGAAGTATACAACAGCAAACACCCAGTCAGAGCCCTACATTCCCGCATCATGCGGTCCTACCCCCACCTCCGCAYTGAGCCACGCGAGCACCCACTAGAGACATCGACGCTCCGCCAC 2080
DR1: GAAGAAGTATACCACAGCAAACACCCAGTCAGAGTCTTACATTCCCGCAYCATGCGGTCTTACCCCCACCICCGCATTGAGCCACGCGAGCACCCACIAGAGACATCGATBCTCCGCCAC

—_—
13 ¢ AGCTGCCGACCGATATTTCACACGCAGATAAAGCC‘GTGTGCGCTGATGACCCTGAAGAIGYTAAAAGGGAGGCTTCCGAAAAATGGTYTGCACGG TTTGCACGGRTGGGG‘AGGAG 3000
DRl' AGCTGCCGACCGATATTTCACACACAGATAAAGCCTGTGIGCGCTGATGACCCTGACGATGTCAAAAGTGAGGCTYCCGAAAAGIGGATTGCACG TTGCACGGAGTGGGAAGGAG

13 CC!CCGCGGCGAGAGCACTACAAATTGTGGACTGATGGATCCGTG‘CCCTCGGTGAGAAGTCCGGAGCAGCTGCCCTGCYCCATAGAAACAACACGCTGATTTGTGCACCCAAG‘CCGGA 3120

DRL: CCACCGCGGTGAGAGCACTACGAATTGTGGACTAA
GCAGGGGAACTCTCGTGCAGT TACAGAGCGGARTGCG TAGCAT TAGAGA TAGGACTGCAACGGCTGCTGARATGGCTTCCGGCATACAGAAGCACACCGAGCAGGTTGTCCATCTTCTCT 3240

13

I3 : GACTCGCTGTCAATGTTAACAGCACTGCAGACAGGTCCCETAGCCG TAACGGACCCAATTCTAAGACGACTATGGAGGCTTCTGCTTCAAGTTCAGAGAAGGAAGATACGTATCCGACTG 3360
I3 : CAATTTGTGTTTGACCATTGTGGCG TGARACGGAATGAGETTTGCGATGAAATGGCCAAAARGGCCGCAGAT T TACCACAGT TGCGAGACACATGGATCCCCGACATCATTGCTTATGEG 3480
I3 : ARGCGAGTGCTTAGGTCGEARGAAGTCCATGAGARCACTCATAGGTTTGS TATCACGGGCAACCACT TTCCAACARAACA TARAGAAGAACTAACAATGGAAGAAGAAACGGCACTGGCA 3600
I3 : CGCTTTCGGGTTGGGTCTTCAAGACACTATGGATGGATG T TGCGARAGATCAACCCGAGTGTGCCTCCACAGTGCCGATGG TGCAACCCGCAACATGCAGCGATGGGGCCAACAATACAA 3720
I3 : ACAGCCCCAACTGTTGCGACACGCACTCTTCAGAGAACCTCCGAACCGACAAAATGTACGGAATGTGATGCCACATACCAATGCCGCTCGAGTGCTGTAACGCACATGGTAAACAAACAT 3840
I3 : GGCTTTGTGEGAGCTGATGECCTCCTGAGGATCARATACGECGATGCAACACCTGCAGTGGATATCCCCECGEAGECCCETCCAGTGRTGGCGATCGTTCCTCTACCATCGAGCACACGA 3960
I3 : GTCCCGATGAGACCGCAGGTGCTTCATTGTACCCTCTGTACCTCCARATTCGCAGTGCCAGGECGACTAT TACACCACCT TAGAACAATACATGGCATAGGTAGCAGTAGTTGCCGCGTG 4020
I3 : AAA CGAGAAAACGGGGACTCATTGCA TEGTAGCGTCCCAGTAGCACCAGCTCCTCAGBATACACGGAAGCTGCTGTTCAATGTGACE TGTGCGAGGEGAGETTCGGT 4200
I3 : ACACGCTCTTCCCTGTCACTACACAAGAAATTCAAACATAAGAGCATAGTG cu'ccaéccnccmémt1cctcciancccrcc?uccctcccémcucccninrtucccf: 4320
13 : Actccccufccacaccmt.:umcmcrctmcccnufcmcrcamtcch""'_mccncrEcc?cnccu%g;czu GCTTTCCACAAGG TGAGGGAGTCGAGCTTAARTGCAGCAR 4440
13 : AAGCACAAAAUrmrcccAcrcntccccccnacuaucnccucncnmmctccacncccﬂ‘k‘l’&ﬂﬂ;‘mcnccunctccccrcncccucncnuccaancca 4360
I3 : CGGTATGAAGGTAGAGCGCGCTGTTACCAGCCAACGCGGEGACTGCGAAGAAACGTCGCTGCACTTGATGAGCTGTTCCGGTTTGAAGGAGT TACGTGTTAGGT TTGCGGTGGAAGGTGT 4680
I3 : GTGTGCGCAGGATATATGTCTTTCTAAAAGGCTGGCGCAATTTCTCATTGCGGT TGAACGGAGCCGGCCECAGGTGAAGTCCTCACC TAAGG TAACAGTCATACAACCCACTCTCCCTTC 4800
13 : mcucrtcccaccnu:mcccamcmcmcnccAawuccacccucccncaunarccucacncacrcucaucacacccamAn-.cuctcncnccucnuucacna 4920
13 : accuucacntumanaﬁrcaanuuaccntccnancucncrrccccncmtccccccrcccmccrvcrccccccncmcmuncccncncmc 3040
13 : cAccucucuununcucscmmrn%rcunnnncscaucrcrcccacaclccccacacccauccnctcncccctcuccr.vancccrcncccccccccmtc 5160
I3 : GGGGGAAACTCTCACGAAGGCACGAAGAAAATTTCAAAAAAAA 5204

FIG. 6. Complete sequences of ingi-3 and the pgDR1 insert. I3 is the ingi-3 sequence. DR1 is the pgDR1 sequence. Identity between the
two sequences is shown by overlining. The star at position 2760 in the ingi sequence shows the position of a 3-bp insertion in the pgDR1
sequence relative to that of ingi-3. The EcoRI site at the 5’ end of ingi-3, and BamHI sites within it, are underlined. The regions with homology
to RIME are delineated by arrows, as are three regions which are nearly open reading frames in the strand shown (see Fig. 7). Stop codons
in phase with these frames in either sequence are boxed. A 16-bp palindrome in the ingi-3 sequence is shown by arrows beneath the sequence.
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FIG. 7. Stop codon map of ingi-3. Stop codons in the six possible
reading frames are shown by vertical bars. Those above the restric-
tion map are from the strand shown in Fig. 6. The top frame starts
with the GAA of the EcoRlI site. The next two frames are succes-
sively shifted 1 base 3'. B-low the map, the three frames are
mirrored so that the bottom frame corresponds to translation of the
same codons as the top frame in reverse sense, etc. Two stop
codons in the second 5'-3’ frame are shown as dotted bars because
they are not present in the other two ingi elements sequenced.
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the February 1985 version of the PIR protein sequence data
base by using the DFASTP program (23). The highest-
scoring homology was found with a hypothetical mitochon-
drial intron-encoded RNA maturase. Several authors have
recently described homologies between these mitochon-
drion-encoded sequences and known or putative reverse
transcriptases of retroviruses and eucaryotic mobile genetic
elements (18, 25, 30, 34, 51, 52). Figure 8 shows an alignment
of the relevant parts of the amino acid sequence encoded by
the ingi-3 long ORF and pgDR1 with some of these se-
quences. Seven of the nine amino acids in this region that
were found by Toh et al. (51) to be present in five viral
polymerases are indicated. Seven of these are also present in
one or the other of the ingi sequences. One of the two
nonidentical positions is a favored substitution of Phe for
Tyr in the sequence YXDD. This substitution is shared by
two of the LINE sequences. The spacing of the homologous
regions in the ingi sequences is more similar to that in the
LINE elements than to those in the other sequences. These
homologies suggest that the sequenced ingi element is a
pseudogene of an original element which encoded an enzyme
involved in nucleic acid metabolism, possibly a reverse
transcriptase.

After addition to the PIR data base of the encoded
sequence of the long ORF of a human LINE, L1Hs (18), the
DFASTP program found a highly significant homology be-
tween ingi and the LINE sequence. The alignment of these
sequences extended 5’ from the region of ingi included in
Fig. 8. The RDF program (23) gave a score more than 20
standard deviations higher than the mean obtained with 50
shuffled L1Hs sequences. A difference of 10 standard devi-
ations in this test is regarded as indicative of a significant
evolutionary relationship (23). Thus this result provides
evidence of an evolutionary relationship between the aligned
regions of the ingi and L1Hs sequences. The extended
alignment between these sequences is shown in Fig. 9, in
which alignment with the mouse LINE L1MdA2 (25) is also
included.

DISCUSSION

Ingi as a mobile element. The polydispersal of ingi se-
quences in the genome of T. brucei was shown by their
chromosome distribution, their polymorphism in flanking
restriction sites, and the isolation of the three cloned ele-
ments embedded within different sequences. Several lines of
evidence suggest that ingi is a retroposon. As with other
mobile elements which appear to transpose by way of an
RNA intermediate, ingi elements terminate with 3’ oligo(dA)
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tails. Our sequence data did not allow the unequivocal
definition of target site duplications, but possible 4-bp dupli-
cations were identified. If these were generated on insertion,
the inserted elements must have been heterogeneous in
length and sequence close to their 5’ ends, as has been
shown for the 5’ ends of D. melanogaster F-element
retroposons (13). Perhaps the most compelling evidence that
ingi is transposable is that its ends are composed of the
smaller element RIME, which was shown to have been
transposed into a rRNA gene (17). The two elements may
share a mechanism of transposition, although the transposed
RIME dimer was flanked by 7-bp insertion site dupli-
cations.

While retroviruslike mobile elements have been found in
genomes as diverse as those of mammals and yeasts, LINEs
have been described only for mammalian genomes (40). A
significant homology between ingi and LINE ORF-encoded
sequences was found by an algorithm based on observed
rates of amino acid changes in evolutionarily related pro-
teins. Although this homology was much lower than that
between LINEs from different mammals, it suggests that ingi
and LINEs, or at least their regions of homology, are
derived from a common ancestor sequence.

Ingi-3 contains three regions that may have been ORFs in
a functional progenitor ingi sequence. As ingi-3 is probably a
pseudogene, the two frame shifts separating these regions,
as well as the four in-phase stop codons, may represent
divergences from an original ingi element. The first frame
shift occurs at a position similar to those in L1Md-A2 and
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FIG. 8. Homology of the ingi-3-encoded amino acid sequence
with reverse transcriptases and RNA maturases. The amino acid
sequences and their sources are as follows. L1Hs and L1Nc are
LINE sequences of human and prosimian origin (18). L1Md is the
mouse LINE L1Md-A2 (25). MoMLYV is from Moloney murine
leukemia virus reverse transcriptase (46). HTLV-1 is human T-cell
leukemia virus type 1 polymerase (44). RSV is Rous sarcoma virus
polymerase (43). S.P.B1 is from the Schizosaccharomyces pombe
cytochrome b intron maturase gene (21). S.C.Al is from the S.
cerevisiae coxl gene al intron (3). N.C.P1 is from a Neurospora
crassa mitochondrial plasmid (35). The ingi-3 and pgDR1 sequences
are from this paper. The ingi sequences are aligned with the regions
of the other sequences for which other authors have described
homologies among LINE sequences, reverse transcriptases, and
mitochondrial RNA splicing enzymes. Amino acid residues boxed
are those for which at least six residues in the same position are
identical or belong to the same group of amino acids related by
evolutionary favored sustitutions as defined by Dayhoff et al. (11).
The positions of 9 of the 10 amino acids that were found by Toh et
al. (51) to be conserved in viral polymerases are indicated by
triangles. Lengths of amino acid sequences separating the regions
shown in the different genes are indicated between hyphens.
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INGI3 :
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IIVMNSLSQ--RLA EVPLLQHG ------- FFADDLTLLARNTER

: NIVLEVLARAIRQQKEIKGIQIGKEEVKISLLAODNIVVISDPKNSTRELLNLlNSFGEVVGVKINSNKSMAFLVTKNKQAEKEIRETTPFSIV‘I’NNIKVLG
KX T 5 A

------ DVINHTLQC GLNVVLQ“SKEVFMSVN--------------VAKTKCTLfG

FIG. 9. Homology between encoded sequences of ingi-3 and mammalian LINEs. The LINE sequences are from mouse (L1Md-A2; [25])
and the consensus human sequence (L1Hs; [18]). The alignment shown is a composite of the alignment depicted in Fig. 8 (bottom line), the
highly significant alignment found by the DFASTP program with the long ingi ORF, and a shorter alignment found by DFASTP with the
shorter 5’ putative ancestral ingi ORF. The solid bar shows where the ingi reading frame switches. Symbols between the sequences respresent
identical residues (*), residues belonging to the same group (:) where substitutions are favored in evolution (11), and other substitutions (-)
with zero or positive scores in the 250 PAM matrix of Dayhoff et al. (11). Triangles below the sequences show the positions of the 10 amino
acids conserved in viral polymerases (51). They are solid where the same amino acid identified in the polymerases is present in the ingi
sequence (the half-shaded arrow is where the conserved P is present in pgDR1 but not ingi-3). Squares above the sequences are positions
where conservative substitutions were in viral polymerases identified by Toh et al. (52). They are shaded if the corresponding amino acid in

ingi-3 is also a conservative substitution in relation to those sequences.

Ty912, which may be skipped through during translation (8,
25). In relation to the positions of the amino acid-encoding
homologies between the ingi and LINE sequences, however,
the location of the first ingi frame shift is quite different. It
interrupts the region of amino acid homology. It is therefore
more likely that this shift is the result of an insertion
mutation in this pseudogene. Thus the original ingi element
may have had a single ORF occupying most of its length.

With pgDR1 and a 5’ ingi probe, the mean of estimated
copy numbers in different trypanosome stocks was 200, or 1
per 400 kb if it is assumed that most pgDR1 sequences are
within ingi elements. The overall density of ingi elements in
the T. brucei genome is comparable with that in mammalian
LINEs, 1 per 150 kb (48).

The 5’ long terminal repeats of proviruses and retrovirus-
like elements contain promoters from which transcription
necessary for transposition may occur. A 5’ array of tandem
repeats in the L1Md-A2 sequence may serve the same
function for this element (25). No analogous structure was
found in the ingi sequences. Since no trypanosome promoter
sequences have yet been identified, it is not possible to
determine whether potential promoters, which would be
necessary for retrotransposition, are present within the ingi
sequence or in the 5’ flanking region of ingi-2 or ingi-3. We
have obtained evidence from both runoff transcription and
RNA slot-blot assays that ingi sequences are transcribed,
but we have observed only heterogeneous transcripts in
Northern blots. Thus it may be that ingi elements would
have to rely upon fortuitous location near an external
promoter if they are to retrotranspose. As is the case with
LINE sequences (25), the number of ingi sequences, if any,
which are capable of transposition is a matter of speculation,
and the structure of any such elements may be different from
that of the presumptive pseudogenes we have studied.
Indeed, direct evidence for the retrotransposition of either
LINEs or ingi elements is still lacking.

Ingi and RIME. It is clear that RIME and the sequences at
the ends of ingi must have a common origin. RIME may have
arisen by deletion of the 4.7-kb central region from an ingi
element, or ingi may have arisen by insertion of the central
sequences into a RIME. In either case, the boundaries of the
insertion or deletion are identical in the three ingi elements
we studied and in the two RIME sequences studied by
Hasan et al. (17). Although these samples are small, this
suggests that the two families of elements diverged after a
single insertion or deletion event. The ingi elements are more
divergent than the two RIMEs in the regions that can be
compared. The extent of divergence of RIME from ingi is
similar to the extent of divergence of the three ingi se-
quences. This suggests that the RIMEs may belong to a
relatively recent sub-branch of ingi element evolution and
thus may be of more recent origin than the ingi elements.
This suggestion, however, relies on comparison of only two
RIME sequences. Furthermore, there could be selective
pressure to conserve the RIME ORF (17).

Deletion of the central portion of ingi, to produce the first
RIME element, could have occurred either by splicing at the
level of an RNA transcript or at the DNA level. However,
there are no splicing signals at the appropriate points in the
ingi sequence. Neither are there any direct repeats which
might have mediated the excision of the central region by
DNA recombination. Either of these features could, how-
ever, have been obscured by subsequent divergence of the
sequences. There are other plausible mechanisms whereby
RIME could have been generated from ingi elements, such
as the insertion of a severely 5'-truncated ingi inside the 5’
end of a second element, but the available data do not allow
assessment of these possibilities.

The alternative is that the original ingi element was
derived from RIME. Many instances are known of
retroposons inserting within each other (40). The point
within the 3’ end of ingi at which the RIME homology
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reappears (Fig. 4) is within a sequence very similar to the
(NAX)y tails found at the 3’ ends of many retroposons (40).
The (NAXx)y sequence, and other A-rich regions within ingi,
could be the relics of insertion events that were involved in
the evolution of the original ingi element. However, part of
the (NAXx)y stretch was also present in RIME in our align-
ment of the sequences, which argues against its having
resulted from an insertion into a RIME. We could not find
any remnant of a target site duplication that might be
expected if ingi arose by insertion of a shorter mobile
element into RIME.

Whether an insertion or a deletion was responsible for the
divergence of these two elements, analogies may be drawn
between them and other mobile elements in which a shorter
element, making up the ends of a longer one, carries the
sequences required in cis for transposition and the longer
element carries an encoded function required in trans. Thus,
shortened D. melanogaster P elements are derivatives of the
longer P factors which encode the transposase and may be
mobilized by the presence of a complete P factor (37). The
relationship between RIME and ingi may be of the same
kind. RIME may be a disembowelled ingi element which
retains terminal signals necessary for its transposition but
depends upon the enzymatic activity encoded by a number
of competent ingi elements. Alternatively, the combination
of an original RIME with the internal sequences that encode
enzymes required for its transposition might have produced
a more efficient mobile element in the same way that some
LINE sequences, embedded within shorter Alu retroposons,
may rely upon the internal RNA polymerase III promoter of
the enfolding element for their retrotransposition (33).

Does ingi have any important role in the trypanosome
genome? The function, if any, of retroposons and retrovirus-
like elements in eucaryotic genomes has been hard to define.
They may represent essentially parasitic, or ‘‘selfish DNA™’
sequences, contributing nothing to the organisms whose
genomes they occupy (14, 38). Their transposition does,
however, have mutagenic effects, disrupting genes into
which they are transposed or altering the expression of genes
in their proximity, which may be of some advantage in the
evolution of the host organism (40). The frequency of
putative ingi retrotranspositions would clearly determine the
extent to which any resulting mutagenesis could contribute
to trypanosome evolution. Although extensive differences
found in flanking restriction enzyme sites and chromosome
distribution of ingi between different T. brucei stocks sug-
gests a significant rate of transposition, we have found no
differences between stocks known to be closely related.
Thus it may be difficult to identify newly transposed ingi
elements to confirm the occurrence of transposition and
estimate its frequency.

Ty elements promote a variety of large-scale recombina-
tion events in the yeast genome, including chromosome
translocations, duplications, and deletions (1, 39). Events of
these kinds have been shown to occur, at least in the smaller
chromosomes, in T. brucei (54) and may play significant
roles in the process of antigenic variation and the evolution
of VSG gene repertoires (53). It is thus possible that ingi
elements promote recombination events that contribute to
the evolution of VSG genes. Although two of the ingi
elements we studied were in the neighborhood of nontelo-
meric VSG genes on large chromosomes, they were not
present near other VSG genes we have studied (unpublished
observations). Thus the association with VSG genes may not
be significant.

Several abundant repetitive sequences in the T. brucei
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genome are arranged in tandem arrays (6, 12, 15, 24, 36, 50,
55). Thus, apart from the homologous sequences surround-
ing VSG genes (57), ingi and RIME sequences would appear
to be the most abundant dispersed repetitive sequences in
the T. brucei genome. It is possible that the trypanosome,
living in intimate association with mammalian and insect
host, acquired the original ingi sequence from one of these
metazoan organisms. Unless this is the case, the finding of
ingi in this protozoan suggests that this kind of retroposon
may be more widely distributed among eucaryotic genomes
than has been apparent (e.g., see reference 40). This would
suggest a very early evolutionary beginning for these ele-
ments. The conserved sequences present in ingi, LINEs,
retroviruslike elements, and the retroviruses themselves
suggest that these may all be evolutionarily related. An early
evolutionary origin of the retroposon sequences would then
suggest that these were the precursors of the more complex
elements. The question of whether the ingi element origi-
nated in a distant ancestor or was acquired from a host
genome is therefore of importance in understanding the
evolution of mobile elements that appear to use reverse
transcription for their transposition.
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